The correct interpretation of a phylogenetic tree is dependent on it being correctly rooted. 14 A gene duplication event at the base of a clade of species is synapamorphic, and thus 15 excludes the root of the species tree from that clade. We present STRIDE, a fast, effective, 16 and outgroup-free method for species tree root inference from gene duplication events. 17 STRIDE identifies sets of well-supported gene duplication events from cohorts of gene 18 trees, and analyses these events to infer a probability distribution over an unrooted 19 species tree for the location of the true root. We show that STRIDE infers the correct root 20 of the species tree for a large range of simulated and real species sets. We demonstrate 21 that the novel probability model implemented in STRIDE can accurately represent the 22 ambiguity in species tree root assignment for datasets where information is limited. 23 Furthermore, application of STRIDE to inference of the origin of the eukaryotic tree 24 2 resulted in a root probability distribution that was consistent with, but unable to distinguish 25 between, leading hypotheses for the origin of the eukaryotes. In summary, STRIDE is a 26 fast, scalable, and effective method for species tree root inference from genome scale 27 data. 28
Introduction

31
"Nothing in biology makes sense except in the light of evolution" (Dobzhansky, T. 32 2013) , "nothing in evolution makes sense except in the light of phylogeny" (Sytsma, K.J. 33 and Pires, J.C. 2001), and nothing in a phylogeny makes sense except in the light of its 34 root. For example, the phylogeny for four species (Fig. 1A ) has five possible roots ( Fig. 1B-35 F) and each of the different roots corresponds to a different hypothesis as to the 36 evolutionary history of the species. For the presented tree, identifying a wrong branch as 37 the root (for example Fig. 1E ) would lead us to conclude that elephants are more closely 38 related to fish and birds than they are to wolves, even though we are using a tree with the 39 correct topology. A species tree only gives the correct evolutionary relationships when 40 rooted correctly ( Fig. 1B) . Thus it is of critical importance to our interpretation of 41 relationships, and the evolutionary history of life on earth, that we have accurate methods 42 of inferring the root of species phylogenies. 43
Correct species tree rooting is also of critical importance for the inference of 44 orthology relationships between genes. Given an unrooted gene tree ( Fig. 2A) , knowledge 45 of the correct branching order of the species tree ( Fig. 1B) is required to correctly root the 46 gene tree (Fig. 2B ). An incorrect rooting of the species tree ( Fig. 1C -F) leads to an incorrect inference of the root of the gene tree ( Fig. 2C-F) , and thus incorrect identification 48 of orthologous genes ( Fig. 2G-H) . Therefore, our ability to compare the biology of species, 49 through comparisons between orthologous genes, is reliant on accurate methods of 50 inferring the root of species phylogenies. 51
Although correct root placement is essential for our ability to interpret phylogenies, 52 almost all models of sequence evolution used for tree inference are time-reversible and 53 produce unrooted phylogenetic trees. In order to identify the root of a phylogeny extra 54 information is required, usually knowledge of an extra species that is a suitable (i.e. closely 55 related) outgroup for the set of species for which the root is unknown. However, outgroup 56 choice is a common source of error in phylogenetic tree inference, with distantly related 57 outgroups leading to inaccurate root placement and distortion of the phylogeny due to long 58 branch attraction (Felsenstein, J. 1981 . The conceptual basis for this approach is that gene duplication events are time-68 irreversible, unlike character substitution, and thus infer the direction of time on the 69 species tree. Specifically, every node in an unrooted, binary gene tree has three branches 70 incident upon it. If the node is a speciation node then any of the three incident branches 71 could be the edge in the direction of the root, with the other two being in the opposite 72 direction. Thus, speciation nodes are uninformative about the direction of time along the 73 tree. For a duplication node, however, the symmetry is broken. Two of the edges will 74 correspond to the two copies of the gene post-duplication, while the third edge will 75 correspond to the gene pre-duplication and thus point towards the root of the tree ( Fig. 2A , 76 node marked 'D'). In the case of this example tree, it can be inferred that the root of the 77 species tree must be outside of the subtree containing elephant and wolf. In an idealised 78 case (with no effects such as incomplete lineage sorting or lateral gene transfer) the two 79 post-duplication branches can be distinguished from the pre-duplication branch as the 80 post-duplication branches contain genes from overlapping species sets. Furthermore, 81 these species sets will be identical if there has been no gene loss or horizontal gene 82 transfer, and the topology of the duplicate subtrees will recapitulate the species tree 83 topology. Thus, if gene duplication nodes can be accurately identified in an unrooted gene 84 tree, then the direction of time can be ascertained for all branches in the post-duplication 85 subtrees. The direction of time on these branches determines the direction of time on the 86 corresponding branches of the species tree, and multiple gene duplication events can be 87 aggregated to determine the direction of time across the whole species tree, thus revealing 88 the location of the root. 89
Here we present STRIDE, a novel algorithm for Species Tree Root Inference from 90 gene Duplication Events. STRIDE identifies sets of well-supported gene duplication events 91 from cohorts of gene trees, and analyses these events to infer a probability distribution 92 over an unrooted species tree for the location of the true root. We show that STRIDE 93 correctly identifies the community-accepted root of the majority of species trees. 94
Additionally, we demonstrate that STRIDE effectively captures uncertainty in root 95 placement when data is limited or conflicting. Finally, we demonstrate the utility of STRIDE 96 to challenging phylogenetic problems by providing an outgroup-free root analysis of the 97 origin of the eukaryotes. 98
Methods
99
Problem definition and approach 100
A branch of an unrooted species tree corresponds to a bipartition that splits the 101 tree's taxa into two blocks. The presence of a well-supported gene duplication that 102 respects the topology of the species tree is a synapamorphy that stipulates that the block 103 in which the duplicates are found is a monophyletic clade. This synapamorphy identifies 104 the direction of time along the branches within this monophyletic clade. The single 105 exception to this is the branch in the unrooted tree corresponding to the root in which time 106 flows in both directions. This is because the branch that spans the root in the unrooted 107 species tree corresponds to two branches in the rooted species tree and both of its 108 corresponding blocks are monophyletic clades ( Fig. 1A & B ). The method presented here 109 aims to identify this root branch by identifying and analysing a set of well-supported gene-110 duplication events. The method identifies the complete set of gene duplication events 111 contained within a set of user-supplied gene trees and uses these to infer the location of 112 the root of the species tree. To express uncertainty in the case of limited data or data 113 conflict, the method uses a probabilistic model of gene-duplication events to calculate a 114 probability distribution across the branches of the species tree for the location of the root. 115
Inference of Orthogroups and Gene Trees 116
For each species set, the protein sequence translations of representative gene 117 models were downloaded from appropriate online databases. These protein sequences 118 were then subject to orthogroup inference using OrthoFinder v1.1.4 (Emms, D.M. and 119 Kelly, S. 2015). The resulting sets of protein sequence orthogroups were aligned using 120 
Identification of Putative Duplications 127
Gene-duplication events are considered informative if they occur on any branch 128 other than a terminal branch in the species phylogeny, as a duplicated gene that occurs 129 only in a single species is not informative to the position of the root of the tree. To identify 130 informative gene duplication events a novel tree analysis algorithm was developed ( Fig. 3) . 131
Prior to analysis of the gene trees, the unrooted species tree was analysed to determine 132 the species sets in which genes would be expected to occur following a gene duplication 133 event along any branch of the species tree. For each direction along each branch the sets 134 of species in the child clades (X & Y) and in the grandchild clades (x1, x2, y1 & y2) 135 immediately following that branch were identified ( Fig. 3A ). Then each gene tree was 136 analysed in turn to identify well-supported gene duplication events within the gene tree as 137 follows: each node, n, in the tree was considered in turn, if the node was an unresolved 138 polytomy it was excluded as such nodes correspond to either a higher-order multiplication 139 events (e.g. triplication) or an unresolved event in the gene tree (e.g. an amalgamation of 140 several weakly supported bipartitions). Each analysed node therefore had three branches 141 incident on it, and any pair of branches could potentially represent duplicate genes ( Fig.  142 3B). For each pair of branches, b1 and b2, the sets of species, S1 and S2, below each 143 branch were used to identify the locations in the species tree corresponding to these 144 branches in the gene tree. This was done by identifying the smallest block, Bi in the 145 species tree that contains all the species in Si (i=1,2), thus making the method robust in 146 the case of subsequent gene loss ( Fig. 3B ). If there was more than one block satisfying 147 this criteria, each of these possible blocks were considered. A node, n, was considered as 7 Nodes that were identified as putative gene duplication events were further 150 examined to reduce the possibility that their existence or location had been misidentified 151 due to errors in gene tree inference. The criteria were: 1) There must be at least one gene 152 from each of the expected grandchild clades in both S1 and S2 (Fig. 3C) . 2) The branching 153 structure immediately after the gene duplication event on branches b1 and b2 must match 154 the expected branching structure (Fig. 3D ), i.e. the first node for each duplicate split the 155 descendent species into the expected sets X and Y, or subsets thereof. Note that it would 156 not be valid to check the topology to the level of grandchild clades in step 2 since this 157 would fail to identify gene duplication events if there were also a subsequent gene 158 duplication event one branch lower in the species tree. In this case, the observed 159 grandchild clades would both be subsets of one of the expected child clades rather than 160 grandchild clades. Steps 1 and 2 check that the observed clades are subsets of the 161 expected clades (rather than requiring they be equal to) as this is necessary to make the 162 method robust to subsequent gene loss events. 163
Identifying the Maximum-Parsimony Root of the Species Tree 164
As discussed above, a gene duplication on a bipartition of an unrooted species tree 165 i stipulates the direction of time for all branches of the subtrees derived from that 166 bipartition. Given a set of gene duplication events, the branch in the species tree that 167 violates the fewest gene duplication events is identified as the maximum parsimony root. If 168 multiple such branches exist then they are each identified as equally parsimonious. 169
Probability model for the root of the species tree 170
For any given set of gene-trees, it is possible that errors in gene-tree inference will 171 lead to false positive inference of gene duplication events that past the filtration criteria. To 172 account for this, a probability model was developed for the location of the root of the tree probability that a branch was the root given only the duplications observed in either 176 direction along that branch. The second part, the tree-level model, aggregated all 177 duplications observed across all branches of tree to give the final probability distribution for 178 the location of the root taking into account all information obtained from all gene 179 duplication events observed across the tree. 
where ( ) ∈ {→, ←, root } is the orientation of the branch j that would be implied by the root 191 of the tree being branch i. That is, the probability distribution for the root given all the gene 192 duplication events on the tree can be expressed in terms of the probabilities for the 193 orientation of each branch given only the gene duplications on that branch; (→ | ), 194 (← | ) and (root| ). The branch with the root is more complicated since it actually corresponds to two 220 branches on the rooted tree we are attempting to recover. On these two branches time 221 flows in opposite directions, away from a central root that separates them. We must allow 222 for the ( ) duplications on the branch to actually correspond to 
Results
276
STRIDE identifies the correct root of species trees given simulated gene tree 277 datasets 278
The ability of STRIDE to correctly infer the root of a known species tree was tested 279 using three published, simulated gene tree datasets. The first dataset consisted of 2000 280 simulated gene trees from 40 species with heterogeneous rates of gene duplication and 281 loss within trees (Boussau, B., Szollosi, G.J., et al. 2013). The second and third datasets 282 consisted of 12000 gene trees from 12 species and 7500 gene trees from 17 species, 283 respectively. These two datasets were similar to the first dataset but also incorporated 284 incomplete lineage sorting generated using a range of effective population sizes (Wu, 285 Y.C., Rasmussen, M.D., et al. 2014). Since incomplete lineage sorting can lead to 286 misidentification of gene duplication and loss events these latter two datasets provided a 287 good test of STRIDE's robustness in the face of gene-tree/species-tree incongruence. For 288 all three simulated datasets, STRIDE correctly inferred the root of the species tree and assigned it a probability of 100% (Table 1 , Supplementary File 1. Fig. S1-S3 ). Thus for 290 these simulated datasets the method performed well. 291
Application of STRIDE to real species datasets 292
Simulated datasets generally do not capture all the nuances and difficulties seen in 293 real biological datasets. These nuances include errors in orthogroup inference, alignment 294 inference and gene tree inference. Thus to demonstrate the utility of STRIDE, a diverse 295 range of groups of species were sampled from throughout the eukaryotic domain (Table  296 1). This included every group of eukaryotes on Ensembl Genomes containing more than 4 297 genera ( OrthoFinder. The number species, gene trees, informative duplications and other details 317 are provided in Table 1 . 318
In all 12 test cases, there is a single maximum parsimony root. In 9 of the 12 tests 319 this root agreed with the accepted root of the species set (Table 1) Evolutionary Biology201414:23) ( Fig. 5) . A probability of 100% was also assigned for the 327 correct root in the fungi, even though fewer informative gene duplication events were 328 identified ( Fig. 6, Table 1 ). In both the plant and fungal datasets, STRIDE also identified 329 substantial numbers of gene duplication events that support sub-clades within both 330 species trees ( Fig. 5 and Fig. 6 ). 331
While STRIDE identified the community-accepted root in 75% of the datasets, it 332 failed to identify this root for the bird (Fig. 7 
), rodent and Laurasiatheria (Supplementary 333
File 1 Fig. S11 & S12) datasets. These three datasets had the smallest, second smallest 334 and fourth smallest number of informative gene duplication events per species respectively 335 (Table 1 ). In addition, while there were no conflicting gene duplication events in the bird 336 dataset, the rodent and Laurasiatheria datasets had the highest and fifth highest ratio of 337 conflicting to informative duplications (Table 1) . Consistent with these observations, 338 analysis of the factors affecting the accuracy of STRIDE revealed that root probability 339 assignment was positively correlated with the number of informative duplications per proportion of duplications which were in conflict (R 2 =0.24, Supplementary File 1 Fig.  342   S13B) . Furthermore, the proportion of conflicting duplications was negatively correlated 343 with the number of species (R 2 =0.36, Supplementary File 1 Fig. S13C ), suggesting 344 increased taxon sampling facilitated more accurate identification of gene duplication 345 events. Thus the ability of STRIDE to detect the true root is affected by taxon sampling 346 and the number of gene duplication events detected in the dataset. 347
STRIDE Provides Evidence for Location of the Root of the Eukaryotic Tree 348
Given the performance of stride on the datasets outlined above it was assessed 349 whether STRIDE could provide insight into one of the most contentious and difficult tree 350 rooting problems in biology, the root of the eukaryotic tree (Burki, F. 2014). Here, a set of 351 45 species that were distributed across the eukaryotic tree were selected. These were 352 subject to orthogroup and gene tree inference as before and the complete set of 16770 353 gene trees were submitted for analysis by STRIDE. This identified 2316 putative gene 354 duplication events excluding the root from (and supporting the monophyly of) major clades 355 within the eukaryotes including the opisthokonta, fungi, metazoa, and achiplastida ( Fig.  356 8A). Duplication events supporting further subclades within these major groupings were 357 also abundant (Fig. 8A) . In contrast, other major sub-clades including amoebazoa, the 358 SAR supergroup, and the excavata, did not receive support from gene duplication events 359 ( Fig. 8A ). This lack of gene duplication events meant that STRIDE could not exclude the 360 root of the species tree from the basal branches of these groups and thus could not 361 provide evidence for or against the five most popular placements for the root of the 362 eukaryotic tree (Burki, F. 2014 ). This ambiguity in root assignment is represented 363 effectively in the probabilities assigned to all putative root-spanning branches (Fig. 8B) . 364 we show how the performance of STRIDE is affected by data quantity, data conflict, and 368 taxon sampling. Furthermore, we demonstrate that STRIDE is effective in identifying the 369 root of species trees for the majority of species datasets and effectively captures the 370 ambiguity in root assignment given the input data. 371
The aim of STRIDE is to infer a probability distribution over an entire species tree 372 for the location of its root. This aim is different from algorithms that attempt to reconcile 373 gene trees with species trees (Szollosi, G.J., Tannier Salichos, L. and Rokas, A. 2013). STRIDE is also suitable for large dataset analysis and 390 for situations where appropriate outgroups are not available. Although STRIDE as 391 presented is a method for identifying the root of an unrooted species tree, the output from 392 STRIDE can provide a wealth of useful information. For example, STRIDE maps high 393 confidence gene duplication events to branches in a species tree. These gene duplication 394 events provide strong evidence for monophyly of the species that share the gene 395 duplication event. Thus STRIDE can be used to provide additional support to branches in 396 a species tree that might be weakly supported by molecular sequence data. In this context, 397 it is worth noting that STRIDE could also be used to evaluate support for alternative 398 species-tree topologies by providing support for clades from gene duplication events. 399
The application of STRIDE to the eukaryotes was able to exclude the root of the 400 eukaryotes from the opisthokonts and from a number of other groups, however STRIDE 401 was unable to uniquely place the root as there were insufficient gene duplication events 402 identified that could exclude the root from other portions of the tree. It is likely that poor 403 taxon sampling for some of the groups (e.g. the amoebozoa and excavata), coupled with 404 genome reduction associated with adaptation to parasitism in many of these species, 405
impeded the discovery of these gene duplication events. With improved taxon sampling 406 STRIDE may ultimately be able to provide further insight as to the location of the root of 407 the eukaryotic tree. Furthermore, as STRIDE produces branch-level probabilities these 408 could be combined with probabilities obtained from other analyses to perform a multi-data-409 type analysis of the origin of the eukaryotes. 410
In summary, STRIDE is a fast and effective method for genome scale phylogenetic 411 analysis that can be used both to identify high confidence gene duplication events and 412 identify the root of species trees without the requirement for an outgroup. 413 
